Abstract
Introduction
Electrohydraulic servo systems can be found in several industrial applications such as commercial aircrafts, construction equipments and lift controls [1, 2] . These systems are characterized by high power to weight ratio, fast response, and high stiffness [3] . Electrohydraulic servos come in different types. The most common types are the position servo, the velocity servo, and the force servo. This work is concerned with the velocity (speed) control of the electrohydraulic servo system where a transducer connected to the output measures the velocity. The system description and the mathematical model are discussed in the ensuing sections.
Several control strategies were proposed for the position, speed, pressure, and force control of electrohydraulic servo systems (EHSS). The contributions of some of these works are summarized in this section. In [4] , the feedback linearization and the backstepping control schemes are used in the velocity control of an electrohydraulic servo system. The controllers are shown to drive the state trajectories to their desired set points. An indirect adaptive backstepping control law is introduced in [5] for the position control of an electrohydraulic servo system under parameter variations. The proposed controller is shown to compensate for the system's parameters, while ensuring the stability of the closed-loop system. In [6] , a feedback linearization controller is proposed for the position control of an electrohydraulic servo system under supply pressure variations; a switching control law is developed to account for the uncertainty in the supply pressure. The work in [7] develops a combined sliding mode controller and a fuzzy radial basis function neural network controller to stabilize an electrohydraulic servo system; the proposed control law is a function of the sliding surface and the radial basis function network parameters. In [8] , a robust backstepping controller for the EHSS subject to un-modeled
Dynamic Model of the System
The electrohydraulic velocity servo system (EHVSS) under consideration is shown in Figure 1 . The main components of an EHVSS are: a hydraulic power supply, an accumulator, a charge valve, a pressure gauge device, a filter, a two-stage electro-hydraulic servo-valve, a hydraulic motor, a measurement device, a computer, and a voltage-to-current converter.
Figure 1. Electrohydraulic Velocity Servosystem [4]
The basic operation of an electrohydraulic velocity servo system can be summarized as follows: a transducer measures the output of the servo and converts it into an electrical signal (voltage). The difference between this signal and the command reference is fed to an amplifier which in turn produces the signal necessary to turn the valve. The valve movement, then, allows a specific amount of fluid to run the actuator, and hence control the hydraulic motor velocity [16] .
The Mathematical Model of the EHVSS
The equations describing a third order model of an electro-hydraulic velocity servo-system are adopted from [4] such that:
where the states of the system are: 1 x x x x , the control variable is u . The output of the system, y , is the motor angular velocity. The definitions and the nominal values of the system parameters in (2.1) are given in Table 1 . Under these two assumptions, the model (2.2) reduces to the following:
Remark 1: Note that from the practical point of view, the supply pressure is always larger than the load pressure velocity, i.e., The objective of the paper is to design controllers to steer the state trajectories of the EHVSS to the desired constant operating points. To this end, let the vector of desired states be defined as
. Also, let the control input which enables the system to achieve the desired states be denoted by x , and 3d x , satisfy the following equations:
State Transformation of the Model
It is obvious from eqn. (2.2) that the equations describing the servo system are highly nonlinear. Therefore, to facilitate the design of nonlinear control schemes, a change of variables is proposed.
Consider the change of variables ( ) = ( ) z t T x , with
where the parameters 1 2 3 ,, p p p , and 4 p are defined such that Using the system dynamics (2.2), and the state transformation (2.4), the dynamics of the electro-hydraulic velocity servo system in the new coordinates can be expressed as follows: 12 = zz 23 = zz
where 18
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Design of a Dynamic Sliding Mode Controller
In this section, a dynamic sliding mode control law is designed for the electrohydraulic velocity servo-system. The design is motivated by the work in [17] . Dynamic SMC adds additional dynamics to the system such that the augmented system is a combination of the original system plus an integrator [18] . It, therefore, has the advantage of reducing the chattering problem associated with classical SMC design, and it helps improve the overall performance of the system [19] .
To this end, let the scalars 1 
 be a sufficiently large, strictly positive scalar. The following proposition gives the main result of this section.
Proposition 2:
The dynamic sliding mode control scheme:
when applied to the electrohydraulic velocity servo-system (2.5), guarantees the asymptotic convergence of 1 () zt, 2 () zt and 3 () zt to zero as t .
Proof: Taking the derivative of (3.1) with respect to time yields, 
The trajectories associated with the discontinuous dynamics (3.4) exhibit a finite time reachability to zero from any given initial condition provided that the scalar 2  is chosen to be strictly positive. Moreover, the dynamics (3.4) guarantees that 
Design of a Controller Using the SDRE Approach
In this section, the state-dependent Riccati equation (SDRE) approach is used in the design of a controller for the electrohydraulic velocity servo system. The idea of the SDRE approach can be summarized as follows [20] . Given a nonlinear system of the form:
where n x  and :
First, the system (4.1) is parametrized into the following form: Then, the obtained linear feedback regulator is given by:
where () Px is the symmetric, positive-definite solution of the stated-dependent Riccati equation:
Notice that the SDRE method requires that all the states be measurable, and that the pair ( ( ), ( ) A x B x ) be point-wise controllable [21] .
It should be kept in mind that the LQR technique leads to a regulation to the origin. Therefore, before applying this technique to the Electrohydraulic servo-system, a change of variables is introduced such that the origin is the new equilibrium point. The EHVSS dynamics, given in Eqn. 
K TK
The EHVSS model is then written as follows: 
and invoking the expression for 22
In this paper, the SDRE problem is solved online using the Matlab software.
Remark 3: For low order systems, an analytic solution of the state-feedback controller can be obtained. However, for high order systems, obtaining an exact solution can be quite difficult.
Simulation Results
In this section, simulation studies are presented to verify the performance of the proposed controllers. Consider the nonlinear electrohydraulic velocity servo-system (EHVSS) given in (2.2). The system parameters are given in Table 1 Figure 3 shows the evolution of the load pressure trajectory towards its desired value; where, after an initial increase, it descends towards the operating point. The smooth convergence of the valve displacement is shown in Figure 4 .
Next, the simulation of the SDRE controller is carried out using the weights Figures 6 and 7 , respectively. It is clear that both trajectories start with an initial spike before converging to their desired operating points. An inset is provided in Figure 7 to show the initial evolution of the valve displacement trajectory.
From the simulation results, it appears that the dynamic sliding mode controller has a better performance than the static sliding mode controller and the SDRE controller. It converges smoothly towards the operating point, and has less overshoot with respect to the load pressure and valve displacement trajectories. The simulation of the SDRE controller show an initial spike as depicted in Figures 6 and 7 . Furthermore, the convergence of the motor velocity, 1 () xt, towards the desired value is slower under the SDRE controller than under the sliding mode controllers. Finally, to check the robustness of the proposed controllers, a second set of simulations is carried out as shown in Figures 8-13 . The simulations depict the performances of the two proposed controllers, in particular, the motor velocity 1 () xt (output) and the control action () ut , when a perturbation term () dt is added to the first two ODEs of system (2.2). The perturbation term is taken to be
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The performance of the dynamic SMC in the presence of () dt is shown Figures 8 and   9 . It is clear from Figure 8 that the target value of the motor velocity is reached. Furthermore, the control law is chatter-free as illustrated in inset in Figure 9 . For the sake of comparison, a simulation of the system has been performed using the classical SMC as opposed to the proposed dynamic SMC. The result is shown in Figure 10 where it appears, in the inset, that the control law suffers from chattering. The chattering behavior can excite un-modeled dynamics, and can cause the system actuators to wear out. Finally, Figures 11 and 12 depict the performance of the SDRE controller under perturbation. The output trajectory converges to the desired value as shown in Figure 11 . However, the control trajectory has a very large initial spike as evident in Figure 12 . It can, therefore, be concluded that the control action in the dynamic SMC has better performance than that of the SDRE controller and of the classical SMC because it is chatter-free and has less control effort.
Conclusion
The regulation problem of an electrohydraulic velocity servo system is considered in this paper. A dynamic sliding mode controller and an SDRE-based controller are proposed for the system. The design of the SMC schemes involves using a nonlinear transformation to transform the system into a canonical form. Asymptotic stability of the closed-loop system is proved using the Lyapunov technique. The design of the SDRE controller involves parametrizing the original dynamics such that the system has a state-dependent coefficient (SDC) matrix. The LQR control scheme is then applied at each sampling instance to the parametrized system. The simulation results show the proposed controllers successfully drive the system trajectories to their desired values. However, the sliding mode controller has better performance than the SDRE controller. In particular, the output trajectory (motor velocity) has faster convergence and less control effort when using the SMC scheme. 
